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ABSTRACT
This note summarizes many detailed physics studies done by
the ATLAS and CMS Collaborations for the LHC, concentrat-
ing on processes involving the production of high mass states.
These studies show that the LHC should be able to elucidate the
mechanism of electroweak symmetry breaking and to study a
variety of other topics related to physics at the TeV scale. In
particular, a Higgs boson with couplings given by the Standard
Model is observable in several channels over the full range of
allowed masses. Its mass and some of its couplings will be de-
termined. If supersymmetry is relevant to electroweak interac-
tions, it will be discovered and the properties of many super-
symmetric particles elucidated. Other new physics, such as the
existence of massive gauge bosons and extra dimensions can be
searched for extending existing limits by an order of magnitude
or more1.
1Note that this document lacks the detector pictures due to file size limi-
ations of the Los Alamos archive. The version with pictures can be found at
http://www-theory.lbl.gov/∼ ianh/lhc
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I. INTRODUCTION AND MOTIVATION
This document summarizes the potential of the Large Hadron
Collider (LHC) for high mass and high transverse momentum
physics and explains why the LHC is expected to provide a cru-
cial next step in our understanding of nature. The results given
here are based on publically available work done by many AT-
LAS and CMS collaborators either as part of the design of the
ATLAS [1] and CMS [2] detectors or in subsequent investiga-
tions. On the basis of these studies, we believe that the physics
potential of the LHC is enormous: among currently approved
projects in high energy physics, it uniquely has sufficient energy
and luminosity to probe in detail the TeV energy scale relevant
to electroweak symmetry breaking.
A. The Standard Model
The Standard Model (SM) is a very successful description
of the interactions of the components of matter at the smallest
scales (<∼ 10−18 m) and highest energies (∼ 200GeV) accessi-
ble to current experiments. It is a quantum field theory that de-
scribes the interaction of spin- 12 , point-like fermions, whose in-
teractions are mediated by spin-1 gauge bosons. The existence
of the gauge bosons and the form of their interactions are dic-
tated by local gauge invariance, a manifestation of the symmetry
group of the theory, which for the SM is SU(3)×SU(2)×U(1).
The fundamental fermions are leptons and quarks; the left-
handed states are doublets under the SU(2) group, while the
right-handed states are singlets. There are three generations of
fermions, each generation identical except for mass. The ori-
gin of this structure, and the breaking of generational symme-
try (flavor symmetry) remain a mystery. There are three lep-
tons with electric charge−1, the electron (e), muon (µ) and tau
lepton (τ ); and three electrically neutral leptons, the neutrinos
νe, νµ and ντ . Similarly there are three quarks with electric
charge + 23 , up (u), charm (c) and top (t); and three with electric
charge − 13 , down (d), strange (s) and bottom (b). The quarks
are triplets under the SU(3) group and thus carry an additional
“charge,” referred to as color. There is mixing between the three
generations of quarks, which in the SM is parameterized by the
Cabibbo-Kobayashi-Maskawa (CKM) [3] matrix but is not ex-
plained.
In the SM the SU(2) × U(1) symmetry group describes the
electroweak interactions. This symmetry is spontaneously bro-
ken by the existence of a (postulated) Higgs field with a non-
zero expectation value, leading to massive vector bosons — the
W± and Z — which mediate the weak interaction; the pho-
ton of electromagnetism remains massless. One physical de-
gree of freedom remains in the Higgs sector, a neutral scalar
boson H0, which is presently unobserved. The SU(3) group
describes the strong interaction (quantum chromodynamics or
QCD). The eight vector gluons that mediate this interaction
themselves carry color charges and so are self-interacting. This
implies that the QCD coupling αS is small for large momen-
tum transfers but large for small momentum transfers, and leads
to the confinement of quarks inside color-neutral hadrons. At-
tempting to free a quark produces a jet of hadrons through
quark-antiquark pair production and gluon bremsstrahlung. The
smallness of the strong coupling at large mass scales makes it
possible to calculate reliably cross sections for the production
of massive particles at the LHC.
The basic elements of the Standard Model were proposed in
the 1960’s and 1970’s [4]. Increasing experimental evidence of
the correctness of the model accumulated through 1970’s and
1980’s:
• observation of (approximate) scaling in deep inelastic scat-
tering experiments, showing the existence of point-like
scattering centers inside nucleons, later identified with
quarks [5];
• observation of the c and b quarks [6];
• observation of neutral weak currents from Z exchange [7];
• observation of jet structure and three-jet final states result-
ing from gluon radiation in e+e− and hadron-hadron col-
lisions [8];
• direct observation of the W and Z at the CERN SppS col-
lider [9].
Following these discoveries, ever more precise experiments
at LEP and SLC have provided verification of the couplings
of quarks and leptons to the gauge bosons at the level of 1-
loop radiative corrections (∼ O(10−3)). Also, the top quark
has been discovered at Fermilab with a very large mass (∼
175GeV) [10].
With the recent direct observation of the ντ [11], only one
particle from the Standard Model has yet to be observed, the
Higgs boson. The Higgs is very important because it holds the
key to the generation of W , Z , quark and lepton masses.
Some of the SM parameters, specifically those of the CKM
matrix, are not well determined. In particular, while CP viola-
tion is accommodated in the SM through a phase in the CKM
quark mixing matrix, it remains poorly understood. CP viola-
tion was first observed in K decays [12]. Recently, direct CP
violation has been seen in K decays [13], and evidence for CP
violation in B → ψKs has been seen in B-factories [14, 15]
and in CDF [16]. More precise measurements over the next few
years should determine these parameters or demonstrate the SM
cannot adequately explain CP violation.
The minimal SM can only accommodate massless neutrinos
and hence no neutrino oscillations. There is evidence for such
oscillations from measurements by SuperKamiokande of neutri-
nos produced in the atmosphere and from a deficit in the flux of
electron neutrinos from the sun[17]. While it is easy to extend
the SM to include neutrino masses, understanding their small
values seems to require qualitatively new physics.
B. Beyond the Standard Model
The success of the Standard Model [4] of strong (QCD), weak
and electromagnetic interactions has drawn increased attention
to its limitations. In its simplest version, the model has 19 pa-
rameters [18], the three coupling constants of the gauge theory
SU(3) × SU(2) × U(1), three lepton and six quark masses,
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the mass of the Z boson which sets the scale of weak interac-
tions, the four parameters which describe the rotation from the
weak to the mass eigenstates of the charge −1/3 quarks (CKM
matrix). All of these parameters are determined with varying
errors. One of the two remaining parameters is the coefficient θ
of a possible CP -violating interaction among gluons in QCD;
limits on the CP violation in strong interactions imply that it
must be very small. The other parameter is associated with the
mechanism responsible for the breakdown of the electroweak
SU(2) × U(1) to U(1)em. This can be taken to be the mass
of the as yet undiscovered Higgs boson, whose couplings are
determined once its mass is given. Additional parameters are
needed to accommodate neutrino masses and mixings.
The gauge theory part of the SM has been well tested,
but there is little direct evidence either for or against the
simple Higgs mechanism for electroweak symmetry breaking.
The current experimental lower bound on the Higgs mass is
113.5GeV[19]. If the Standard Model Higgs sector is cor-
rect, then precision measurements at the Z and elsewhere can
be used to constrain the Higgs mass via its contribution to the
measured quantities from higher order quantum corrections to
be less than 212 GeV [20] at 95% confidence. As the Higgs
mass increases, its self couplings and its couplings to the W
and Z bosons grow [21]. This feature has a very important con-
sequence. Either the Higgs boson must have a mass less than
about 800 GeV or the dynamics of WW and ZZ interactions
with center of mass energies of order 1 TeV will reveal new
structure. It is this simple argument that sets the energy scale
that must be probed to guarantee that an experiment will be able
to provide information on the nature of electroweak symmetry
breaking.
The presence of a single elementary scalar boson is distaste-
ful to many physicists. If the theory is part of some more fun-
damental theory, which has some other larger mass scale (such
as the scale of grand unification or the Planck scale), there is a
serious “fine tuning” or naturalness problem. Radiative correc-
tions to the Higgs boson mass result in a value that is driven to
the larger scale unless some delicate cancellation is engineered
(m20 − m21 ∼ M2W where m0 and m1 are order 1015 GeV or
larger). There are two ways out of this problem which involve
new physics at a scale of order 1 TeV. New strong dynamics
could enter that provides the scale of MW , or new particles
could appear so that the larger scale is still possible, but the
divergences are canceled on a much smaller scale. It is also
possible that there is no higher scale as, for example in models
with extra dimensions. In any of the options, Standard Model,
new dynamics or cancellations, the energy scale is the same:
something must be discovered on the TeV scale.
Supersymmetry is an appealing concept for which there is,
at present, no experimental evidence [22]. It offers the only
presently known mechanism for incorporating gravity into the
quantum theory of particle interactions, and it provides an ele-
gant cancellation mechanism for the divergences provided that
at the electroweak scale the theory is supersymmetric. The suc-
cesses of the Standard Model (such as precision electroweak
predictions) are retained, while avoiding any fine tuning of
the Higgs mass. Some supersymmetric models allow for the
unification of gauge couplings at a high scale and a conse-
quent reduction of the number of arbitrary parameters. Super-
symmetric models postulate the existence of superpartners for
all the presently observed particles: bosonic superpartners of
fermions (squarks q˜ and sleptons ℓ˜), and fermionic superpart-
ners of bosons (gluinos g˜ and gauginos χ˜0i , χ˜±i ). There are
also multiple Higgs bosons: h, H , A and H±. There is thus
a large spectrum of presently unobserved particles, whose exact
masses, couplings and decay chains are calculable in the theory
given certain parameters. Unfortunately these parameters are
unknown. Nonetheless, if supersymmetry is to have anything to
do with electroweak symmetry breaking, the masses should be
in the region 100 GeV – 1 TeV.
An example of the strong coupling scenario is “technicolor”
or models based on dynamical symmetry breaking [23]. Again,
if the mechanism is to have anything to do with Electroweak
Symmetry breaking we would expect new states in the region
100 GeV – 1 TeV; most models predict a large spectrum. An
elegant implementation of this appealing idea is lacking. How-
ever, all models predict structure in the WW scattering ampli-
tude at around 1 TeV center of mass energy.
There are also other possibilities for new physics that are not
necessarily related to the scale of electroweak symmetry break-
ing. There could be new neutral or charged gauge bosons with
mass larger than the Z and W ; there could be new quarks,
charged leptons or massive neutrinos; or quarks and leptons
could turn out not to be elementary objects. It is even possible
that there are extra space time dimensions [24][25] that have
observable consequences for energies in the TeV mass range.
While we have no definitive expectations for the masses of these
objects, the LHC must be able to search for them over its avail-
able energy range.
II. THE LARGE HADRON COLLIDER
A. Machine parameters
The LHC machine is a proton-proton collider that will be in-
stalled in the 26.6 km circumference tunnel formerly used by
the LEP electron-positron collider at CERN [26]. The 8.4 Tesla
dipole magnets — each 14.2 meters long (magnetic length) —
are of the “2 in 1” type: the apertures for both beams have a
common mechanical structure and cryostat. These supercon-
ducting magnets operate at 1.9K and have an aperture of 56 mm.
They will be placed on the floor in the LEP ring after removal
and storage of LEP. The 1104 dipoles and 736 quadruples sup-
port beams of 7 TeV energy and a circulating current of 0.54
A.
Bunches of protons separated by 25 ns and with an RMS
length of 75 mm intersect at four points where experiments are
placed. Two of these are high luminosity regions and house
the ATLAS and CMS detectors. Two other regions house the
ALICE detector [27], to be used for the study of heavy ion
collisions, and LHC-B [28], a detector optimized for the study
of b-mesons and b-Baryons. The beams cross at an angle of
200µrad, resulting in peak luminosity of 1034 cm−2s−1 with
a luminosity-lifetime of 10 hours. The expected data samples
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are 30 (300) fb−1 at 1033 cm−2s−1 (1034 cm−2s−1), called low
(high) luminosity in this document. At the peak luminosity
there are an average of ∼ 20pp interactions per bunch cross-
ing. Ultimately, the peak luminosity may increase beyond 1034
cm−2 sec−1. The machine will also be able to accelerate heavy
ions resulting in the possibility of, for example, Pb-Pb colli-
sions at 1150 TeV in the center of mass and luminosity up to
1027 cm−2 sec−1.
In the pp version, which will be the focus of the rest of this
article, the LHC can be thought of as a parton-parton collider
with beams of partons of indefinite energy. The effective lu-
minosity [29] of these collisions is proportional to the pp lu-
minosity and falls rapidly with the center of mass energy of
the parton-parton system. The combination of the higher en-
ergy and luminosity of the LHC compared to the highest energy
collider currently operating, the Tevatron, implies that the ac-
cessible energy range is extended by approximately a factor of
ten.
B. Physics Goals
The fundamental goal is to uncover and explore the physics
behind electroweak symmetry breaking. This involves the fol-
lowing specific challenges:
• Discover or exclude the Standard Model Higgs and/or the
multiple Higgs bosons of supersymmetry.
• Discover or exclude supersymmetry over the entire theo-
retically allowed mass range up to a few TeV.
• Discover or exclude new dynamics at the electroweak
scale.
The energy range opened up by the LHC also gives us the oppor-
tunity to search for other, possibly less well motivated, objects:
• Discover or exclude any new electroweak gauge bosons
with masses below several TeV.
• Discover or exclude any new quarks or leptons that are
kinematically accessible.
• Discover or exclude extra-dimensions for which the appro-
priate mass scale is below several TeV.
Finally we have the possibility of exploiting the enormous pro-
duction rates for certain Standard Model particles to conduct the
following studies:
• Study the properties of the top quark and set limits on ex-
otic decays such as t→ cZ or t→ bH+.
• Study of b-physics, particularly that of b-baryons and Bs
mesons.
An LHC experiment must have the ability to find the unex-
pected. New phenomena of whatever type will decay into the
particles of the Standard Model. In order to cover the lists given
above a detector must have great flexibility. The varied physics
signatures for these processes require the ability to reconstruct
and measure final states involving the following
• Charged leptons, including the τ via its hadronic decays.
• The electroweak gauge bosons: W , Z and γ.
• Jets of energy up to several TeV coming from the produc-
tion at high transverse momentum of quarks and gluons.
• Jets that have b-quarks within them.
• Missing transverse energy carried off by weakly interact-
ing neutral particles such as neutrinos.
In the discussion of physics signals that we present below, it
is necessary to estimate production cross sections for both sig-
nal and background processes. This is done using perturbative
QCD. Such calculations depend on the parton distribution func-
tions that are used, the energy (Q2 scale) used in the evalua-
tion of the QCD coupling constant and the structure functions,
and the order in QCD perturbation theory that is used. These
issues make comparison between different simulations of the
same process difficult. Higher order corrections are not known
for all processes and in some cases they are known for the sig-
nal and not for the background. Most of the LHC simulations
are conservative and use lowest order calculations. Higher order
corrections almost always increase the cross sections, typically
by a so-called K factor of order 1.5 to 2.0. The real analy-
sis will of course be based on the best calculations available at
the time. At present, the uncertainties from the choice of scale
and structure functions are typically at the 20% level. The total
cross-section for b-quark production is particularly uncertain.
The level of simulation used to study the processes varies
quite widely. For some processes a full GEANT [30] style sim-
ulation has been carried out. Such simulations are very slow
(∼ 10 Spec95-hr/event) and are difficult to carry out for pro-
cesses where a large number of events needs to be simulated
and many strategies for extracting signals need to be pursued.
In these cases a particle level simulation and parameterized de-
tector response is used. A lower level of simulation involving
partons (i.e., leptons and jets) and parameterized response is fast
and might be required when the underlying parton process is not
present in full event generators. This last level of simulation is
useful for exploring signals but often leads to overly optimistic
results, particularly when the reconstruction of invariant masses
of jets or missing energy are involved. None of the results in-
cluded here use this last level of simulation, unless stated ex-
plicitly.
C. Detectors
Two large, general-purpose pp collider detectors are being
constructed for LHC: ATLAS [1] and CMS [2]. Both collab-
orations completed Technical Proposals for their detectors in
December 1994, and were formally approved in January 1996.
Construction is now underway. Though they differ in most de-
tails, the detectors share many common features that are derived
from the physics goals of LHC:
• they both include precision electromagnetic calorimetry;
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• they both use large magnet systems (though of different ge-
ometries) in order to obtain good muon identification and
precision momentum measurement;
• they both have lepton identification and precision measure-
ment over |η| < 2.5;
• they both have multi-layer silicon pixel tracker systems for
heavy flavor tagging (the usefulness of this capability is an
important lesson from the Tevatron);
• they both include calorimetry for large |η| < 5 coverage in
order to obtain the required 6ET resolution.
The ATLAS detector is shown uses a tracking system em-
ploying silicon pixels, silicon strip detectors, and a transition
radiation tracker, all contained within a 2 Tesla superconduct-
ing solenoid. The charged track resolution is ∆pT /pT = 20%
at pT = 500GeV. The tracker is surrounded by an electromag-
netic calorimeter using a lead-liquid argon accordion design;
the EM calorimeter covers |η| < 3 (with trigger coverage of
|η| < 2.5) and has a resolution of ∆E/E = 10%/√E ⊕ 0.7%.
The hadronic calorimeter uses scintillator tiles in the barrel
and liquid argon in the endcaps (|η| > 1.5); its resolution is
∆E/E = 50%/
√
E ⊕ 3%. Forward calorimeters cover the
region 3 < |η| < 5 with a resolution better than ∆E/E =
100%/
√
E ⊕ 10%. Surrounding the calorimeters is the muon
system. Muon trajectories are measured using three stations
of precision chambers (MDT’s and CSC’s) in a spectrometer
with bending provided by large air-core toroid magnets. The
resulting muon momentum resolution is ∆pT /pT = 8% at
pT = 1TeV and ∆pT /pT = 2% at pT = 100GeV. Muons
can be triggered on over the range |η| < 2.2.
The CMS detector is has calorimeters and tracking system are
contained in a 4 Tesla superconducting coil which provides the
magnetic field for charged particle tracking. The tracking sys-
tem is based on silicon pixels and silicon strip detectors. The
charged track resolution is ∆pT /pT = 5% at pT = 1TeV and
∆pT /pT = 1% at pT = 100GeV. CMS has chosen a precision
electromagnetic calorimeter using lead tungstate (PbW04) crys-
tals, covering |η| < 3 (with trigger coverage of |η| < 2.6). Its
resolution at low luminosity is ∆E/E = 3%/
√
E⊕ 0.5%. The
surrounding hadronic calorimeter uses scintillator tiles in the
barrel and endcaps; its resolution for jets (in combination with
the electromagnetic calorimeter) is ∆E/E = 110%/√E⊕5%.
The region 3 < |η| < 5 is covered by forward calorimeters
using parallel-plate chambers or quartz fibers and having a res-
olution of about ∆E/E = 180%/
√
E ⊕ 10%. Muon trajec-
tories outside the coil are measured in four layers of chambers
(drift tubes and CSC’s) embedded in the iron return yoke. The
muon momentum measurement using the muon chambers and
the central tracker covers the range |η| < 2.4 with a resolu-
tion ∆pT /pT = 5% at pT = 1TeV and ∆pT /pT = 1% at
pT = 100GeV. The muon trigger extends over |η| < 2.1.
III. HIGGS PHYSICS
We will use “Higgs bosons” to refer to any scalar particles
whose existence is connected to electroweak symmetry break-
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Figure 1: The branching ratios of the Standard Model Higgs
boson as a function of its mass.
ing. Generically, Higgs bosons couple most strongly to heavy
particles. Their production cross section in hadron colliders is
small compared to QCD backgrounds, resulting in final states
with low rates or low signal-to-background ratios. The ability
to detect them and measure their mass provides a set of bench-
marks by which detectors can be judged. A specific model is
required in order to address the quantitative questions of how
well the detector can perform. While one may not believe in
the details of any particular model, a survey of them will enable
general statements to be made about the potential of the LHC
and its detectors.
A. Standard Model Higgs
All the properties of the Standard Model Higgs boson are de-
termined once its mass is known; the search strategy at LHC
is therefore well defined. The current limit on the Higgs mass
from experiments at LEP [19] is MH > 113.5 GeV. There are
several relevant production mechanisms at LHC; gg → H via
a heavy quark loop; qq → WH ; gg → ttH ; gg → bbH and
qq → qqH (“WW fusion”). The relative importance of these
processes depends upon the Higgs mass, the first dominates at
small mass and the two become comparable for a Higgs mass
of 1 TeV. The Higgs branching ratios are shown in Fig. 1.
1. H → γγ and associated production channels
At masses just above the range probed by LEP, the dominant
decay of the Higgs boson is to bb, which is essentially impossi-
ble to separate from the huge QCD bb background. The decay
to γγ is the most promising channel in this region. The branch-
ing ratio is very small, and there is a large background from the
pair production of photons via qq → γγ, gg → γγ, and the
bremsstrahlung process qg → q(→ γ)γ. Excellent photon en-
ergy resolution is required to observe this signal. Hence, this
process is one that drives the very high quality electromagnetic
calorimetry of both ATLAS and CMS.
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CMS has a mass resolution of 540 (870) MeV at mH =
110GeV for low (high) luminosity [31]. The mass resolution
is worse at high luminosity due to event pile up. The ATLAS
mass resolution at low (high) luminosity is 1.1 (1.3) GeV for
MH = 110 GeV. The photon acceptance and identification ef-
ficiency are higher in the ATLAS analysis [32], partly because
CMS rejects some of the photons that convert in the inner de-
tector.
In addition to the background from γγ final states, there are
jet − γ and jet − jet final states, that are much larger. A jet/γ
rejection factor of ∼ 103 is needed to bring these backgrounds
below the irreducible γγ background. A detailed GEANT based
study of the ATLAS detector has been performed for these
backgrounds [32]. Jets were rejected by applying cuts on the
hadronic leakage, isolation and the measured width of the elec-
tromagnetic shower. These cuts result in an estimate of these
backgrounds which is a factor of four below the irreducible γγ
background. There are uncertainties in the rates for these “re-
ducible” backgrounds, however one can be confident that they
are smaller after cuts than the irreducible γγ background.
In the CMS analysis for this process [2, 31], two isolated pho-
tons are required, one with pT > 25 GeV and the other with
pT > 40 GeV. Both are required to satisfy |η| < 2.5 and to
have no track or additional electromagnetic energy cluster with
pT > 2.5GeV in a cone of size ∆R = 0.3 around the pho-
ton direction. The Higgs signal then appears as a peak over the
smooth background. The signal-to-background ratio is small,
but there are many events. A curve can be fitted to the smooth
background and subtracted from data. Fig. 4 shows the total
and background-subtracted distributions for a Higgs mass of
130GeV. For an integrated luminosity of 100 fb−1 it is pos-
sible to discover a Higgs using this mode if its mass is between
the lower limit set by LEP and about 140GeV. A signal can
also be found over a more limited mass range for an integrated
luminosity of 10 fb−1. Results of the ATLAS study are simi-
lar [32].
Another process is available at the lower end of the mass
range. If the Higgs is produced in association with a W or tt,
the cross section is substantially reduced, but the presence of
additional particles provide a proportionally larger reduction in
the background. Events are required to have an isolated lepton
arising from the decay of the W (or top quark). This lepton
can be used to determine the vertex position. The process is
only useful at high luminosity as, for 10 fb−1, there are ap-
proximately 15 signal events for Higgs masses between 90 and
120 GeV (the falling cross-section is compensated by the in-
creased branching ratio for H → γγ) over an approximately
equal background [35]. The process will therefore provide con-
firmation of a discovery made in the γγ final state without an
associated lepton and measurements of the couplings.
2. H → bb
The dominant decay of a Higgs boson if its mass is below
2MW is to bb. The signal for a Higgs boson produced in isola-
tion is impossible to extract: there is no trigger for the process
and the background production of bb pairs is enormous. The
production of a Higgs boson in association with a W or tt pair
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Figure 2: (a) The invariant mass distribution of γγ pairs for
Mh = 130GeV as simulated by the CMS collaboration. (b)
Same, with a smooth background fitted and subtracted. From
Ref. [40].
can provide a high pT lepton that can be used as a trigger. A
study was conducted by ATLAS of this very challenging chan-
nel (see Section of 19.2.4 of Ref. [35]). Events were triggered
by requiring a muon (electron) with |η| < 2.5 and pT > 6(20)
GeV.
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Figure 3: Rejection factor for jets produced from u and c quarks
and gluons at low luminosity as a function of the tagging effi-
ciency for b-quark jets in the ATLAS detector. Processes such
as g → bb are included as mistags. From Ref. [35].
The expected b-tagging efficiency for ATLAS was determined
by full simulation of samples of H → bb, H → uu, and tt
events. The results from these samples for the b-tagging rate and
rate of fake tags from non b-jets were obtained over a range of
pT . The results can therefore be extrapolated to other cases —
e.g, b-jets in supersymmetry events — that have not been fully
simulated. The ATLAS detector has a pixel layer at ∼ 5 cm
from the beam. The b-tagging efficiency is correlated with the
rejection factor that is obtained against other jets as is shown in
Fig. 3. The rejection of charm jets is limited by the lifetime of
charged hadrons and that of gluons by the production of bb pairs
in the jet itself. Note that rejection factors ∼ 100 against light
quark jets can be obtained for a b-tagging efficiency of 60%.
The b-tagging efficiency for CMS has similarly been determined
from full simulation and is shown in Figure 4. As in the case of
ATLAS the pixel layers at radii of 4, 7, and 11 cm are used for
the tagging. These b-tagging efficiencies are not significantly
different from those already obtained by CDF [33].
The ATLAS study of H → bb uses the tagging efficiencies
from the full simulation study. Both the ttH and WH final
states were studied but the former is more powerful, so it is the
only one discussed here. Jets were retained if they had pT > 15
GeV. This threshold was raised to 30 GeV for simulations at
a luminosity of 1034 cm−2 sec−1. In order to reduce the back-
ground a veto was applied to reject events with a second isolated
lepton pT > 6 GeV and |η| < 2.5 and a total of 4 tagged b-jets
was required. Reconstruction of both top quarks using a kine-
matic fit is essential to reduce the combinatorial bb background.
For a luminosity of 100 fb−1, there are 107 and 62 signal events
for Higgs masses of 100 and 120 GeV. The reconstructed bb
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Figure 4: Mistagging probability for jets produced from u
quarks as a function of the tagging efficiency for b-quark jets
in the CMS detector with the all silicon tracker. From Ref. [34].
mass distribution is approximately Gaussian with σ/M ∼ 0.2;
it has a tail on the low side caused mainly by gluon radiation
off the final state b quarks and losses due to decays. The back-
ground arising from ttjj events is the most important; approx-
imately 250 events in a bin of width 30 GeV centered on the
reconstructed bb mass peak. Fig. 5 shows the reconstructed bb
mass distributions for the summed signal and background for
mH = 120 GeV. Extraction of a signal will be possible if at all
only over a limited mass range (∼ 80− 120 GeV) and depends
critically upon the b-tagging efficiency and background rejec-
tion. The signal will provide a second observation of the Higgs
boson in this mass range and also provide valuable information
on the Higgs couplings.
A similar analysis has been performed by CMS [36]. Events
were required to have an isolated e or µ with pT > 10GeV,
six jets with pT > 20GeV, four of which are tagged as b’s.
A K-factor of 1.5 is included for the signal only. A likelihood
analysis gave the results shown in Fig. 6 with S/B = 0.73. The
extraction of the ttH Yukawa coupling from this signal was also
studied.
3. H → ZZ∗ → 4ℓ
The search for the Standard Model Higgs relies on the four-
lepton channel over a broad mass range from mH ∼ 130GeV
to mH ∼ 800GeV. Below 2mZ , the event rate is small and
the background reduction more difficult, as one or both of the
Z-bosons are off-shell. In this mass region the Higgs width is
small (<∼ 1GeV) and so lepton energy or momentum resolu-
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in fully reconstructed ttH signal events with a Higgs-boson
mass of 120 GeV above the summed background (see text),
for an integrated luminosity of 100 fb−1 (30 fb−1 with low-
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H → 4ℓ for various masses and sum of all backgrounds
with 100 fb−1. Bottom: Reconstructed four-electron mass for
mH = 130 GeV, showing the radiative tail predicted by full
simulation. From Ref. [41].
tion is of great importance in determining the significance of a
signal [37].
For mH < 2mZ , the main backgrounds arise from tt, Zbb
and continuum ZZ∗/Zγ∗ production. Of these, the tt back-
ground can be reduced by lepton isolation and by lepton pair
invariant mass cuts. The Zbb background cannot be reduced
by a lepton pair invariant mass cut but can be suppressed by
isolation requirements and impact parameter cuts. The ZZ∗
process is an irreducible background. Both CMS and ATLAS
studied the process for mH = 130, 150 and 170 GeV. Signal
events were obtained from both gg → H and WW/ZZ fusion
processes, giving consistent cross sections σ · B ≈ 3, 5.5 and
1.4 fb respectively (no K-factors being included).
In the CMS study [2, 38] event pileup appropriate to L =
1034 cm−2s−1 was modeled by superimposing 15 minimum
bias events (simulated by QCD dijets with pT ≥ 5GeV). The
muon resolution was obtained from a full simulation of the de-
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tector response and track-fitting procedure. This was then pa-
rameterized as a function of pT and η. Internal bremsstrahlung
was generated using the PHOTOS program and leads to about
8% of reconstructed Z → µ+µ− pairs falling outside a mZ ±
2σZ window for mH = 150GeV. The reconstructed µ+µ−
mass has a resolution σZ = 1.8GeV in the Gaussian part of the
peak. The electron response was obtained from a full GEANT
simulation of the calorimeter, including the effects of material
in the beampipe and the tracker, and the reconstruction of elec-
tron energy in the crystal calorimeter. Including internal and
external bremsstrahlung, and using a 5× 7 crystal matrix to re-
construct the electron, the mass resolution σZ = 2.5GeV and
the reconstruction efficiency is about 70% (within mZ ± 2σZ ).
Events were selected which had one electron with pT >
20GeV, one with pT > 15GeV and the remaining two with
pT > 10GeV, all within |η| < 2.5. For muons, the momenta
were required to exceed 20, 10 and 5 GeV within |η| < 2.4.
One of the e+e− or µ+µ− pairs was required to be within
±2σZ of the Z mass. This cut loses that fraction of the sig-
nal where both Z’s are off-shell, about a 24% inefficiency at
mH = 130GeV and 12% at mH = 170GeV. The two softer
leptons were also required to satisfy mℓℓ > 12GeV. Additional
rejection is obtained by requiring that any three of the four lep-
tons be isolated in the tracker, demanding that there is no track
with pT > 2.5GeV within the cone R < 0.2 around the lep-
ton. This requirement is not very sensitive to pileup as the
2.5GeV threshold is quite high. This yields signals at the level
of 7.4, 15.2 and 5.0 standard deviations for mH = 130, 150,
and 170 GeV in 200 fb−1. The four-lepton mass distributions
are shown in Fig. 7 which also shows the 4e final state. The
latter clearly shows the effect of bremsstrahlung.
The ATLAS [35] study followed a similar technique. The
detector resolutions and reconstruction efficiencies were ob-
tained using detailed detector simulations, including the effects
of pileup. Events were selected which had two leptons with
pT > 20GeV, and the remaining two with pT > 7GeV, all
within |η| < 2.5. One of the e+e− or µ+µ− pairs was required
to be within ±m12,GeV of the Z mass. The two softer lep-
tons were also required to satisfy mℓℓ > m34. m12 and m34
are varied as a function of the Higgs mass; for mH = 130 GeV,
m12 = 10GeV andm34 = 30GeV. For the four-electron mode,
the Higgs mass resolution atmH = 130GeV is 1.8 (1.5) GeV at
high (low) luminosity, including the effect of electronic noise in
the calorimeter. For muons, the corresponding figure is 1.4 GeV
after correcting for muon energy losses in the calorimeter and
combining the muon momentum measured in the muon system
with that obtained from the central tracker after the tracks have
been matched.
ATLAS used a combination of calorimeter isolation and im-
pact parameter cuts to reject background from Zbb and tt
events. The isolation criterion is that the transverse energy
within R = 0.2 of the lepton be less than EcutT or that there
are no additional reconstructed tracks above a threshold in the
cone. The rejections obtained by these methods are correlated.
Values of EcutT of 3, 5, and 7 GeV were used for 4µ, eeµµ and
4e modes at 1033 (1034) luminosity to obtain a constant signal
efficiency of 85% (50%). Tighter cuts can be used for muons
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Figure 8: Difference in azimuth between the two leptons for
H → WW ∗ → ℓνℓν signal events with mH = 170 GeV and
for the WW ∗, tt and Wt background events. All distributions
are normalized to unity.From Ref. [35].
because they do not suffer from transverse leakage of the EM
shower. The impact parameter, as measured in the pixel lay-
ers, is used to further reduce the background from heavy flavor
processes (tt and Zbb) [35]. ATLAS obtain signals at the level
of 10.3 (7.0), 22.6 (15.5) and 6.5 (4.3) standard deviations for
mH = 130, 150, and 170 GeV in 100 fb−1 (30 fb−1).
4. H → WW (∗) → ℓ+νℓ−ν¯
The decay H → WW (∗) → ℓ+νℓ−ν¯ can provide valu-
able information in the mass region around 170 GeV where the
branching ratio H → 4ℓ is reduced [42]. For this mass the
two-body WW decay dominates, so BR(H → WW (∗) →
ℓ+νℓ−ν)/BR(H → 4ℓ) ∼ 100.
For the ℓ+νℓ−ν final state, the Higgs mass cannot be re-
constructed, so the signal must be observed from an excess of
events. The dominant background arises from the production of
W pairs after cuts to remove the tt background. The ATLAS
analysis [35] requires:
• Two isolated opposite sign leptons with |η| < 2.5 and
pT > 20, 10 GeV. In addition the pair must satisfy Mℓℓ <
80GeV, ∆φℓℓ < 1, and ∆ηℓℓ < 1.5.
• No jets with pT > 15 GeV and |η| < 3.1.
• /ET > 40GeV.
• A ℓℓ /ET transverse mass between mH − 30GeV and mH .
At luminosity of 1034 cm−2 sec−1, the jet veto is raised to
30GeV. After these cuts the signal to background ratio is
approximately 2:1 and there are 340 signal events for mH =
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WW → ℓ+νℓ−ν¯ signal on the Higgs mass. From Ref. [44].
170GeV for 30 fb−1. The signal can be clearly established by
looking at the distribution in the azimuthal separation of the lep-
tons (∆φ). As is shown in Fig. 8, this is peaked at small (large)
values of ∆φ for the signal (background).
Some information on the Higgs mass can be obtained from
the lepton kinematics. This is shown in Fig. 9 from a CMS
analysis. This figure shows the distribution of the larger and
smaller pT ’s of the two leptons for an assumed mass of 170GeV
in comparison with the expectation for masses of 160GeV and
180GeV.
As the Higgs mass falls significantly below 150GeV the
event rate becomes small. The observability of the signal de-
pends crucially on the ability to correctly predict the back-
ground. This background estimation can be checked by com-
parison with the ZZ final state and by measuring the WW sys-
tem away from the signal region. A 5% systematic error on
the background can be expected; then a 5σ observation can be
made in the range 130GeV < mH < 190 GeV for 30 fb−1 of
integrated luminosity [35],
5. H → ZZ → 4ℓ
The H → ZZ → 4ℓ channel is sensitive over a wide range
of Higgs masses from 2mZ upwards: to about 400 GeV with
10 fb−1 and to about 600 GeV with 100 fb−1. For lower Higgs
masses, the width is quite small and precision lepton energy
and momentum measurements are helpful; for larger masses the
natural Higgs width becomes large. The main background is
continuum ZZ production.
CMS [2, 38] studied the process for mH = 300, 500 and
600 GeV. The electron and muon resolutions and the selection
cuts were the same as used for the ZZ∗ channel. Two e+e−
or µ+µ− pairs with a mass within ±6GeV of mZ were re-
quired. No isolation cut was imposed as the remaining back-
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Figure 10: Mass distribution in H → ZZ → 4ℓ for various val-
ues of mH as simulated by CMS including all bremsstrahlung
losses. From Ref. [43].
grounds are small. The resulting 4-lepton invariant mass dis-
tributions are shown in Fig. 10. With 100fb−1 a signal in ex-
cess of six standard deviations is visible over the entire range
200 < mH < 600GeV. ATLAS obtains very similar re-
sults [35].
6. MH ∼ 1 TeV (H → ℓℓνν, ℓℓjj, ℓνjj)
As the Higgs mass is increased further, its width increases
and its production rate falls, so one must turn to decay chan-
nels that have a larger branching ratio. The first of these is
H → ZZ → ℓℓνν. Here the signal involves a Z decaying
to lepton pairs and a large amount of missing energy. The sig-
nal appears as a Jacobian peak in the missing ET spectrum.
There are more potentially important sources of background in
this channel than in the 4ℓ final state. In addition to the ir-
reducible background from ZZ final states, one has to worry
about Z + jets events where the missing ET arises from neu-
trinos in the jets or from cracks and other detector effects that
cause jet energies to be mismeasured. At high luminosity the
background from the pile up of minimum bias events produces
a /ET spectrum that falls very rapidly and is small for /ET > 100
GeV, provided the calorimeter extends to |η| < 5. ATLAS con-
ducted [45] a full GEANT based study of this background for
which 5000 high transverse momentum Z + jet events were
fully simulated. The events were selected so that a large frac-
tion of them had jets going into the region 0.9 < |η| < 1.3
where ATLAS has weaker jet energy resolution due to the crack
between the endcap and barrel hadron calorimeters. The domi-
nant part of the Z + jets background that remains is that where
the missingET arises from the semi-leptonic decays of b-quarks
in the jets. The contribution from detector effects is not domi-
nant.
Fig. 11 shows the missing ET spectrum at high luminosity
(100 fb−1). On this plot the Z + jets background is estimated
from a parton level simulation; there were insufficient statis-
tics in the full study to obtain this spectrum. This estimate cor-
rectly models the contribution from b-decays that the full study
showed to be dominant. The reconstructed Z → ℓℓ was re-
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Z + jets (dot-dashed); ZZ (dotted) and minimum bias pile up
(dashed). The signal is due to a Higgs boson of mass 700 GeV.
From Ref. [1].
quired to have pT (Z) > 250GeV; this causes the ZZ back-
ground to peak. (This effect is less pronounced if a cut is made
on /ET and then the plot is remade with pT (Z) on the abscissa.)
The dominant ZZ background has QCD corrections of order
40% [46]. Once data are available, this background will be
measured. It signal to background ratio can be improved sig-
nificantly by requiring one or two forward jets at the cost of a
smaller acceptance [35].
The CMS analysis of this process [2, 47] uses a central jet
veto, requiring that there be no jets with ET > 150 GeV within
|η| < 2.4. By requiring a jet in the far forward region (see
below), most of the remaining ZZ background can be rejected.
A study by CMS requiring a jet with E > 1TeV and 2.4 <
|η| < 4.7, produces an improvement of approximately a factor
of three in the signal to background ratio at the cost of some
signal. This mode is only effective for high mass Higgs bosons
and becomes powerful only at high luminosity. Nevertheless it
will provide an unambiguous signal.
Substantially larger event samples are available if the decay
modes H → WW → ℓν + jets and H → ZZ → ℓℓ + jets
can be exploited efficiently. In order to do this one has to reduce
the enormousW +jets and Z+jets backgrounds by kinematic
cuts. Henceforth the discussion will be for the WW final state;
the ZZ state is similar. The first step is to reconstruct the W
decay to jets. Full and fast simulations of the ATLAS detec-
tor were used and are in good agreement [35]. At large values
of mH the jets from the W decay tend to overlap and several
methods were used to reconstruct the W . In one method, jets
were found using a cone of size ∆R = 0.2 and ET > 50GeV.
The invariant mass of the di-jet system was then computed by
adding the four-momenta of the calorimeter cells assuming that
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Table I: H → WW → ℓνjj signals and backgrounds, for
mH = 1 TeV, before and after cuts in the forward region (see
text). The rates are computed for an integrated luminosity of
30fb−1 and a lepton efficiency of 90%. Only the qq → Hqq
contribution to the signal is included. Table from ATLAS sim-
ulation.
Process Central Jet Double
cuts veto tag
H →WW 222 143 73
tt 38300 2800 85
W + jets 15700 6900 62
each cell is massless. The di-jet system is required to have
ET > 150GeV This algorithm reconstructs W → jets with
an efficiency of about 60% and a W mass resolution of 6.9 GeV
for W ′s produced in the decay of 1TeV Higgs bosons. The
mass resolution improves to 5 GeV at low luminosity where
pile up is unimportant. The dijet system is then required to
have a mass within 2σ of the nominal W mass. In addition
the events are required to have a lepton with pT > 50GeV and
/ET > 50GeV. These cuts applied to the W (→ ℓν)+ jets sam-
ple with pT (W ) > 200GeV reduce the rate for this process by
a factor of 600 and brings it to a level approximately equal to
that from tt production; tt→WbWb.
After these cuts, the backgrounds from W + jets and tt are
still larger than the signal fromH →WW and topological cuts
are required. The process qq → Hqq produces the Higgs boson
in association with jets at large rapidity. These jets can be used
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as a tag to reject background. This forward jet tag will cause
some loss of signal since the gg → H process lacks these for-
ward jets. Hence it is only effective for high mass Higgs bosons
where the qq → Hqq process is a significant part of the cross
section. Since the Higgs is produced by color singletW bosons,
the central region in rapidity should have less jet activity in it for
Higgs events than for the background, particularly for that from
tt. At low luminosity, requiring that the events have no addi-
tional jets (apart from the ones that make up the W candidate)
with ET > 20 GeV and |η| < 2 loses approximately 35% of
the signal and reduces the background from W + jets (tt) by a
factor of 2.5 (12).
Forward jet tagging was investigated in ATLAS as follows.
Clusters of energy of size ∆R = 0.5 were found in the region
2 < |η| < 5. Events from the pile up of minimum bias events
have jets in these regions so the threshold on ET of the jet must
be set high enough so that these jets do not generate tags in
the background. If the individual calorimeter cells are required
to have ET > 3 GeV, then there is there is a 4.6% (0.07%)
probability that the pile up at high luminosity will contribute a
single (double) tag to an event that would otherwise not have
one for tagging jets with ET > 15 GeV and E > 600 GeV.
The requirement of a double tag is then applied to the signal
from a Higgs boson of mass 1 TeV and the various backgrounds.
The pile up contributions are included and the event rates for a
luminosity of 30 fb−1 shown in table I. The effect of a change
in the tagging criteria can be seen in Fig. 12 which shows the
variation of the shape in the background. The ZZ final state is
cleaner as there is no tt background but the event rates are much
smaller.
A separate study was performed by the CMS group [2, 48].
Here two tagging jets with |η| > 2.4, ET > 10 GeV and
E > 400 GeV are required. Two central jets are required with
in invariant mass within 15 GeV of the W or Z mass. For
the ZZ case, the Z is reconstructed from e or µ pairs with
invariant mass within 10 GeV of the Z mass; each lepton has
pT > 50GeV and the pair has pT > 150GeV. For the WW
case, at least 150 GeV of missing ET is needed and the charged
lepton from the W has pT > 150GeV.
It can be seen from Table I that it will be possible to extract
a signal although there are large uncertainties on the estimated
background. However, other kinematic quantities may be used
to further discriminate between the signal and the background.
The ZZ final state is cleaner as there is no tt background but
the event rates are much smaller.
7. Measurements of Higgs properties
A Standard Model Higgs should have a mass between about
113.5GeV and 212GeV [20]. Over this mass range the branch-
ing ratios and other properties of the Higgs vary rapidly, but
they are precisely predicted in terms of the mass. In the γγ
and four-lepton channels, the mass resolution is typically 1%,
and the energy scale can be calibrated to better than 0.1% using
Z → ee and Z → µµ events. Fig. 13 shows that the mass can
be measured to ∼ 0.1% for all favored masses [35].
Higgs branching ratios cannot be determined directly at the
LHC, but it is possible to infer combinations of couplings from
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measured rates. The dominant Higgs production mode is gg →
H , so measurements of the inclusive H → γγ and H → ZZ∗
cross sections as discussed above can be used to determine the
product of the Hgg and the Hγγ or HZZ couplings. The Hgg
coupling in turn is related to the Htt¯ one.
More information can be obtained by making use of the WW
fusion process. About 10% of the total cross section in this mass
range comes from qq → qqH via the exchange of two virtual
W bosons:
q
q
q
q
W
W
H
The probability that a virtual W is radiated carrying a fraction
x of the momentum of the incoming quark behaves like dx/x
at small x, so the outgoing quarks typically have large momen-
tum. Thus, the WW fusion process can be identified by requir-
ing high-energy jets with pT ∼MW in the forward calorimeters
and no additional QCD radiation in the central region. These re-
quirements greatly reduce the QCD backgrounds. Exploitation
of this process requires a detailed understanding of the forward
jet tagging. Complete simulations of these have not yet been
completed.
The estimated statistical errors on the cross sections for a
number of Higgs production and decay channels are shown in
Fig. 14. These have been calculated by applying selection cri-
teria developed for various Higgs searches separately for AT-
LAS and CMS, calculating the errors ∆σ/σ =
√
S +B/S,
and combining the results [49]. The WW → H → ττ chan-
nel is reconstructed using the fact that WW fusion provides a
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ℓ+ℓ−νν¯ mode). Based on Ref. [49].
transverse boost to the Higgs, so that one can project the /ET
along the two measured τ directions and reconstruct the mass,
as discussed in connection with the search for A → ττ below.
Note that for each Higgs mass there are several channels that
can be measured with statistical errors between 5% and 20%.
It is of course necessary to correct these measurements for
acceptance. For a process like gg → H → γγ or gg → H →
ℓ+ℓ−ℓ+ℓ− this is relatively straightforward. The signal is a nar-
row bump on a smooth background, and the losses from geo-
metrical acceptance, isolation cuts, etc., are relatively small and
understood. The acceptance and background corrections for the
forward jet tags needed to select WW fusion are more difficult
to estimate. Ultimately it will be necessary to vary the cuts and
compare the results with both Monte Carlo event generators and
matrix element calculations. The WW → H → ττ channel
also has difficult corrections related to the τ identification and
measurement. After the corrected cross sections are obtained,
they must be compared with perturbative QCD calculations of
the cross sections to determine the relevant combination of cou-
plings. These calculations are known to NLO in all cases and
have recently been calculated to NNLO for the gg → H pro-
cesses.
Studies of this program of measurements are actively under-
way in both ATLAS and CMS. Reliable estimates of the ex-
pected errors are not yet available, but it seems plausible that
measurements for several channels will be possible with errors
in the 10%–20% range. This will provide a significant amount
of information on the couplings of the Higgs.
8. Summary of Standard Model Higgs
The LHC at full luminosity will be able to probe the entire
range of Higgs masses from the lower limit set by LEP up to the
value where it is no longer sensible to speak of an elementary
Higgs boson. The search mainly relies only on final states that
one is confident will be effective: γγ, 4ℓ and 2ℓνν. Additional
final states that afford an excellent chance of having a signal
will be exploited to support these: bb with an associated lepton
tag at low mass, and ℓν + jets and ℓℓ+ jets at high mass. The
failure to find a Higgs boson over this range would therefore en-
able the Standard Model to be ruled out. The Higgs sector then
either consists of non-standard Higgs bosons or the electroweak
symmetry breaking occurs via some strongly coupled process
that will manifest itself in the study of WW scattering. The
next subsection is devoted to an example of the former type.
B. SUSY Higgs
As stated above the minimal supersymmetry model (MSSM)
has three neutral and one charged Higgs bosons; h, H , A
and H±. These arise because supersymmetric models, unlike
the Standard Model, need different Higgs bosons to generate
masses for the up and down type quarks. In the Standard Model
one parameter, the Higgs mass, is sufficient to fully fix its prop-
erties. In the MSSM, two parameters are needed. These can be
taken to be the mass ofA and the ratio (tanβ) of the vacuum ex-
pectation values of the Higgs fields that couple to up-type and
down-type quarks. If tanβ is O(1), then coupling of the top
quark to Higgs bosons (λt) is much larger than that of bottom
quarks (λb) as is the case in the Standard Model.
None of these Higgs bosons has been observed, so we need
consider only the regions of parameter space not yet excluded.
At tree level the masses of h and H are given in terms of the
mass of A and tanβ. The charged Higgs boson H± is heav-
ier than A (M2H± ∼M2A +M2W ). The H is heavier than the A,
while theA andH are almost degenerate at large values of MA,
The mass of the lightest boson, h, increases with the mass of A
and reaches a plateau for A heavier than about 200 GeV. The
actual values depend on the masses of the other particles in the
theory particularly the top quark [50]. There is also a depen-
dence (via radiative corrections) on the unknown masses and
other parameters of the other supersymmetric particles. This
dependence is small if these particles are heavy, so it is conven-
tional to assume that this is the case.
In the limit of largeAmass, the couplings of the Higgs bosons
are easy to describe. The couplings of h become like those of
the Standard Model Higgs boson. The couplings of A and H
to charge 1/3 quarks and leptons are enhanced at large tanβ
relative to those of a Standard Model Higgs boson of the same
mass. However, A does not couple to gauge boson pairs at low-
est order and the coupling of H to them is suppressed at large
tanβ and large MA. The decay modes used above in the case
of the Standard Model Higgs boson can also be exploited in the
SUSY Higgs case. h can be searched for in the final state γγ,
as the branching ratio approaches that for the Standard Model
Higgs in the large MA (decoupling) limit.
The decayA→ γγ can also be exploited. This has the advan-
tage that, because A → ZZ and A → WW do not occur, the
branching ratio is large enough for the signal to be usable for
values of MA less than 2mt [51]. The decay H → ZZ∗ can be
exploited, but at large values ofMH the decayH → ZZ , which
provides a very clear signal for the Standard Model Higgs, is
useless owing to its very small branching ratio, The channel
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500GeV and tanβ = 25 from a CMS simulation. Ref. [55].
tth→ ttbb can also be exploited.
In addition to these decay channels, several other possibilities
open up due to the larger number of Higgs bosons and possibly
enhanced branching ratios. The most important of these are the
decays of H and A to τ+τ− and µ+µ−, H → hh, A → Zh
and A→ tt.
It is important to remark that the effect of supersymmetric
particles is ignored in this section. That is, the possible decays
of Higgs bosons to supersymmetric particles are not considered
and supersymmetric particles have been assumed to be heavier
than 1 TeV, so that their effects on branching ratios and pro-
duction rates via radiative corrections are ignored. Some effects
of these decays have been studied [35]; the section below on
supersymmetry discusses the case where Higgs bosons can be
produced in the decays of supersymmetric particles.
1. H/A→ ττ
In the MSSM, the H → τ+τ− and A → τ+τ− rates are
strongly enhanced over the Standard Model if tanβ is large,
resulting in the possibility of observation over a large region
of parameter space. The τ+τ− signature can be searched for
either in a lepton+hadron final state, or an e+ µ final state. As
there are always neutrinos to contend with, mass reconstruction
is difficult, and /ET resolution is critical. In ATLAS, at high
luminosity this resolution is
σ( /ET,x) = σ( /ET,y) = 0.46
√∑
ET
where all energies are measured in GeV. Irreducible back-
grounds arise from Drell-Yan tau pair production, tt and bb de-
cays to ττ . Both CMS [52] and ATLAS [53] have studied τ+τ−
final states using full simulation.
For the lepton+hadron final state, there are additional re-
ducible backgrounds from events with one hard lepton plus a
jet that is misidentified as a tau. In the CMS and ATLAS
studies, events were required to have one isolated lepton with
pT > 15− 40 GeV depending on mA (CMS) or pT > 24 GeV
(ATLAS) within |η| < 2.0(2.4) and one tau-jet candidate within
|η| < 2.0(2.5).
ATLAS required that the tau jet have ET > 40 GeV, that the
radius of the jet computed only from the EM cells be less than
0.07; that less than 10% of its transverse energy be between
R = 0.1 and R = 0.2 of its axis; and again, that exactly one
charged track with pT > 2 GeV point to the cluster. The CMS
and ATLAS selections are about 40%(26%) efficient for taus,
while accepting only 1/100 (1/400) of ordinary light quark and
gluon jets.
CMS vetoed events having other jets with ET > 25 GeV
within |η| < 2.4 (this reduces the tt background); while AT-
LAS used cuts on /ET , the transverse mass formed from the lep-
ton and /ET , and the azimuthal angle between the lepton and the
tau-jet. The mass of the Higgs may be reconstructed by assum-
ing the neutrino directions to be parallel to those of the lepton
and the tau-jet. Resolutions of 12 and 14 GeV (Gaussian part)
are obtained by ATLAS and CMS for mA = 100 GeV. The
reconstructed Higgs peaks as simulated by ATLAS for several
masses are shown in Fig. 15; a CMS simulation is shown in
Fig. 16.
Both ATLAS and CMS find the sensitivity in the e + µ final
state to be less than for the lepton+hadron final state, owing to
its smaller rate and less favorable decay kinematics.
Taking the lepton+hadron and e + µ modes together, for the
sum of H and A decays, both ATLAS and CMS find that the
large region of parameter space corresponding to tanβ >∼ 6 at
mA = 125GeV rising to tanβ >∼ 30 atmA = 500GeV may be
excluded at the 5σ confidence level with 30 fb−1. ATLAS also
finds some sensitivity to tanβ <∼ 2 for 125 < mA < 350 GeV
at very high integrated luminosities (300 fb−1).
2. H/A→ µµ
The branching ratio forH (orA) to µ+µ− is smaller than that
to τ+τ− by a factor of (mµ/mτ )2. The better resolution avail-
able in this channel compensates to some extent for this and the
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µ+µ− mode can be useful for large values of tanβ. A signal of
less statistical significance than that in the τ+τ− could be used
to confirm the discovery and make a more precise measurement
of the mass and production cross section. The ATLAS analy-
sis [35] requires two isolated muons with pT > 20 GeV and
|η| < 2.5. The background from tt events is rejected by re-
quiring /ET < 20(40) GeV at low (high) luminosity. A jet veto
could be employed to reduce this background further, but this is
ineffective at reducing the remaining dominant background for
µ+µ− pairs from the Drell-Yan process. A cut on the transverse
momentum of the muon pair, requiring it to be less than 100
GeV, reduces the tt background further. The remaining back-
ground is very large within±15 GeV of the Z mass. Above this
region the signal appears as a narrow peak in the µ+µ− mass
spectrum. In this region the signal will be statistically signifi-
cant if tanβ is large enough but it appears as a shoulder on the
edge of a steeply falling distribution which may make it more
difficult to extract a signal.
The significance of the signal in this channel is determined
by the µ+µ− mass resolution and the intrinsic width of the
Higgs resonance. The mass resolution in ATLAS is approxi-
mately 0.02mA and is 0.013mA in CMS [58]. At large tanβ,
the masses of A and H are almost degenerate and they cannot
be resolved from each other. The natural width of A is propor-
tional to tan2 β and is approximately 3 GeV for tanβ = 30
and MA = 150 GeV. The mode will provide a 5σ signal for a
region in the MA − tanβ plane covering MA > 110 GeV and
tanβ > 15 for an integrated luminosity of 105 fb−1 .2
2The CMS event rates appear larger than the ATLAS ones. CMS added the
A and H rates whereas the ATLAS numbers correspond to the A alone.
3. A→ γγ
Gluon fusion (gg → A) via top and bottom quark triangle
loop diagrams is the dominant production process if tanβ <∼ 4;
while for large tanβ (>∼ 7) b-quark fusion dominates. For
tanβ ≈ 1 and 170 GeV < mA < 2mt the branching frac-
tion of A → γγ is between 5 × 10−4 and 2 × 10−3. The
backgrounds considered are QCD photon production, both the
irreducible two-photon backgrounds (qq → γγ and gg → γγ)
and the reducible backgrounds with one real photon (qq → gγ,
qg → qγ, and gg → gγ). In the ATLAS study [35], both pho-
tons were required to have |η| < 2.5, one with PT > 125 GeV
and the other with pT > 25 GeV. Both photons are required to
be isolated. The signal is effective at small values of tanβ for
2mt < MA < 200 GeV.
4. Search for Charged Higgs
In extensions of the Standard Model with charged Higgs
bosons H±, such as in the MSSM, the decay t → bH± may
compete with the standard t → bW± if kinematically allowed.
The H± decays to τν or cs depending on the value of tanβ.
Over most of the range 1 < tanβ < 50, the decay mode
H± → τν dominates. The signal for H± production is thus
an excess of taus produced in tt events.
Both ATLAS [92] and CMS [93] have investigated the sensi-
tivity to this excess. Top events with at least one isolated high-
pT lepton are selected, and the number having an additional tau
compared with the number having an additional e or µ. Both
studies used b-tagging to reduce the backgrounds to top produc-
tion. Taus were identified in a way very similar to that described
earlier (in the section onA,H → ττ searches). The uncertainty
in the tau excess is estimated to be±3%, dominated by system-
atics. For an integrated luminosity of 10 fb−1, both ATLAS and
CMS conclude that over most of the tanβ range, a signal can
be observed at the 5σ level for mH± < 130 GeV, which corre-
sponds to the region mA <∼ 120 GeV in the mA, tanβ plane.
If a charged Higgs boson has larger mass than the top then it
cannot be produced in the decay of a top quark. In this case the
relevant production mechanism is the gb→ H−t [56, 57]. The
signal can be searched for via the decay H+ → τν. The tau is
searched for via its hadronic decay which gives rise to isolated
single hadrons (either π or K). This track is required to have
pT > 100 GeV. Events are then required to have a single tagged
b-jet and two other jets whose masses are consistent with the
decay t → Wb → qqb and /ET > 100 GeV. Events with two
tagged b-jets are vetoed. A transverse mass is then formed be-
tween the reconstructed single hadron and the /ET . The distri-
bution of this transverse mass is shown in Fig. 17 for a charged
Higgs mass of 500 GeV. The Standard Model background is
small. Note that the peak is below the mass of the charged
Higgs. This is due to the partial cancellation of missing ET
from the two neutrinos in the decay chain H+ → τν → πνν.
5. Other possible Higgs signatures
Observation of the channel H → hh would be particularly
interesting as information about two different Higgs bosons and
their coupling could be obtained. The dominant decay here is
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Figure 18: 5σ discovery contours for the various processes used
to search for Higgs bosons in the MSSM. This plot assumes no
stop mixing, maximizing the reach of LEP. From Ref. [59].
to the final state bbbb. However it is not clear how this mode
could be triggered efficiently. If a trigger could be constructed
— perhaps using soft muons in jets — then the process is sen-
sitive for tanβ < 3 and 250 < MA < 2mt. The channel
H → hh→ bbτ+τ− can be triggered and is being studied. The
LEP Higgs limits exclude most of the accessible region in the
MSSM, but these channels might be observable in more general
models.
The decay channel H → hh → γγbb is triggerable and was
studied [35]. Events were required to have a pair of isolated
photons with |η| < 2.5 and pT > 20 GeV and two jets with
pT > 15(30) GeV and |η| < 2.5 at low (high) luminosity. One
of the jets was required to be tagged as a b-jet. No other jets with
PT > 30 GeV were allowed in the region |η| < 2.5. The domi-
nant background arises from γγ production in association with
light quark jets and is approximately 10 times larger than the
γγbb background. Event rates are very low, forMH ∼ 250GeV
and mh = 100 GeV there are about 15 signal events for 200
fb−1 of integrated luminosity. However the very small back-
ground (∼ 2 events for 200 fb−1) and the sharp peak in the γγ
mass distribution should provide convincing evidence of a sig-
nal.
For large masses, the A andH decay almost exclusively to tt.
The background in this channel arises from QCD tt production.
While this background is very large, a statistically significant
signal can be extracted provided that the background can be cal-
ibrated [35]. The signal is searched for in the final state WWbb
where one W decays leptonically. For an integrated luminos-
ity of 30fb−1 there are about 2000 events for MA ∼ 400 GeV
after cuts requiring an isolated lepton (which provides the trig-
ger) and a pair of tagged b-quark jets. The tt mass resolution is
of order 15 GeV resulting in approximately 40000 background
events. The rate for tt production is well predicted by perturba-
tive QCD, so it may well be possible to establish an event excess
but extraction of a mass for A will be very difficult as there is
no observable mass peak. The mode is most likely to be useful
as confirmation of a signal seen elsewhere.
The decay A → Zh offers another channel where two Higgs
bosons might be observed simultaneously. The leptonic decay
of the Z can be used as a trigger. The CMS study requires a
pair of electrons (muons) with pT > 20 (5) GeV which have
an invariant mass within 6 GeV of the Z mass and a pair of
jets with pT > 40 GeV. One or two b-tags are required with an
assumed efficiency of 40% and a rejection of 50 against light
quark jets. The background is dominated by tt events. The
signal to background ratio is quite good for moderate MA and
small tanβ, but this region is excluded in the MSSM by the
LEP Higgs limits.
The positive conclusion of this study is confirmed in [35]
where several values of MA and mh were simulated and it was
concluded that a 5σ signal is observable for an integrated lumi-
nosity of 30 fb−1 for tanβ < 2 and 150 < MA < 350. This
study included the background from Zbb events which domi-
nate over the tt background at smaller values of mA.
6. Summary of Supersymmetric Higgs
One is confident that the following modes will be effective
in searching for the MSSM Higgs bosons: A/H → τ+τ−,
A/H → µ+µ−, H+ → τν, H → ZZ∗ → 4ℓ, h → γγ,
A → Zh → ℓℓbb, H → hh → bbγγ and t → bH+(→ τν)
(discussed in the section on the top quark). In addition, the
modes A/H → tt and h → bb produced in association with a
W or tt may provide valuable information. The former set of
modes are sufficient for either experiment to exclude the entire
tanβ −MA plane at 95% confidence with 100 fb−1.
Ensuring a 5σ discovery over the entire tanβ − MA plane
requires more luminosity. Figs. 18 and 19 show what can be
achieved. The entire plane is covered using the modes where
one has great confidence. Over a significant fraction of the pa-
rameter space at least two distinct modes will be visible. Over
a significant fraction of the phase space beyond the LEP limit,
h → γγ, H+ → τντ and H/A → ττ (H/A → µµ) will
be measured. The decay of other supersymmetric particles will
provide additional sources of h. Over a significant fraction of
SUSY parameter space, there is a substantial branching fraction
for sparticles to decay to h. The rate is then such that decay
h→ bb becomes clearly observable above background and this
channel is the one where h is observed first at LHC (see below).
IV. SUPERSYMMETRY
If SUSY is relevant to electroweak symmetry breaking, then
the arguments summarized above suggest that the gluino and
squark masses are less than O(1TeV), although squarks might
be heavier. As many supersymmetric particles can be produced
simultaneously at the LHC, a model that has a consistent set
of masses and branching ratios must be used for simulation.
Analysis of the simulated events is performed without refer-
ence to the underlying model. The SUGRA model [60] assumes
that gravity is responsible for the mediation of supersymmetry
breaking and provides a natural candidate for cold dark matter.
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Figure 19: 5σ discovery contours for the various processes used to search for Higgs bosons in the MSSM. This plot assumes
maximal stop mixing, minimizing the reach of LEP. From Ref. [35].
The GMSB model [61] assumes that Standard Model gauge in-
teractions are responsible for the mediation and explains why
flavor changing neutral current effects are small. Anomaly me-
diation is always present [62]; the AMSB model assumes that
it is dominant.
Gluinos and squarks usually dominate the LHC SUSY pro-
duction cross section, which is of order 10 pb for masses around
1 TeV. Since these are strongly produced, it is easy to separate
SUSY from Standard Model backgrounds provided only that
the SUSY decays are distinctive. In the minimal SUGRA model
these decays produce /ET from the missing χ˜01’s plus multiple
jets and varying numbers of leptons from the intermediate gaug-
inos. Fig. 20 shows the 5σ reach in this model at the LHC for
100 fb−1 [63] The reach is not very sensitive to the fixed pa-
rameters (A and tanβ). It is considerably more than the ex-
pected mass range even for 10 fb−1 as can be seen from Fig. 21
which shows how the accessible mass range depends upon in-
tegrated luminosity. This plot also shows the parameter range
over which the model provides a suitable dark matter candidate.
A typical example of the signatures whose reach is shown in
Figure 20, is the distribution of the “effective mass”
Meff = /ET +
4∑
i=1
pT,i
computed from the missing energy and the four hardest jets.
This is shown in Fig. 22 after multijet and /ET cuts for a SUGRA
point [64] with gluino and squark masses of about 700GeV.
While the reach in Fig. 20 has been calculated for a specific
SUSY model, the multiple jet plus /ET signature is generic in
most R parity conserving models. GMSB models can give ad-
ditional photons or leptons or long-lived sleptons with high pT
but β < 1, making the search easier. R-parity violating mod-
els with leptonic χ˜01 decays also give extra leptons and very
likely violate e-µ universality. R-parity violating models with
χ˜01 → qqq give signals at the LHC with very large jet multi-
plicity, for which the Standard Model background is not well
known. For such models, it may be necessary to rely on leptons
produced in the cascade decay of the gluinos and squarks. In all
cases, SUSY can be discovered at the LHC if the masses are in
the expected range, and simple kinematic distributions can be
used to estimate the approximate mass scale [35].
A. SUGRA Measurements
The main problem at the LHC is not to observe a SUSY signal
that deviates from the Standard Model but to separate the many
different channels produced by all the SUSY cascade decays
from the produced squarks and gluinos. In SUGRA and many
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Figure 20: Plot of 5σ reach in minimal SUGRA model for
tanβ = 35 and µ = + at LHC with 100 fb−1 for /ET inclu-
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sign (2ℓOS) and same-sign (2ℓSS) dileptons, and multi-leptons
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From Ref. [63].
other models, the decay products of SUSY particles always con-
tain an invisible χ˜01, so no masses can be reconstructed directly.
One promising approach is to try to identify particular decay
chains and to measure kinematic endpoints for combinations of
visible particles in these [66]. For example, the ℓ+ℓ− mass dis-
tribution from χ˜02 → χ˜01ℓ+ℓ− has an endpoint that measures
Mχ˜0
2
− Mχ˜0
1
, while the distribution from the two-body decay
χ˜02 → ℓ˜±ℓ∓ → χ˜01ℓ+ℓ− has a different shape with a sharp edge
at the endpoint
√√√√ (M
2
χ˜0
2
−M2
ℓ˜
)(M2
ℓ˜
−M2
χ˜0
1
)
M2
ℓ˜
Dilepton mass distributions [35] after cuts for an example of
each decay are shown for ATLAS in Figs. 23, 24 and for CMS
in Fig. 25. The position of the end point is 108.6 GeV in Fig 24.
The flavor-subtraction combination e+e− + µ+µ− − e±µ∓ re-
moves backgrounds from two independent decays. The last
plot shows that the signal structure depends strongly on the
choice of parameters. Note that at the small values of m0 and
m1/2 shown, the event rates are very large. Such endpoints can
be observed over a wide range of parameters as indicated in
Fig. 26 [63].
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Figure 21: Plot of 5σ reach in minimal SUGRA model for
tanβ = 35 and µ = + at LHC for the /ET signal for various
integrated luminosities.
When a longer decay chain can be identified, more combina-
tions of masses can be measured. Consider, for example, the
decay chain
q˜L → χ˜02q → ℓ˜±Rℓ∓q → χ˜01ℓ+ℓ−q .
For this decay chain, kinematics gives ℓ+ℓ−, ℓ+ℓ−q, and two ℓq
endpoints as functions of the masses. If a lower limit is imposed
on the ℓ+ℓ− mass, there is also a minimum ℓ+ℓ−q mass. With
suitable cuts all of these can be measured [35, 67] for the cases
considered. An example is the minimum ℓℓq mass formed from
the dilepton pair shown in Fig. 27 and one of the two hardest
jets. Since the hardest jets are mainly from squark decays, this
smaller mass should have an endpoint given by the above decay
chain at √√√√√
(
M2q˜L −M2χ˜0
2
)(
M2
χ˜0
2
−M2
χ˜0
1
)
M2
χ˜0
2
In the case shown this endpoint is at 552.4 GeV. The statistical
errors on the measured endpoints are typically comparable to
the systematic limits, O(0.1%) for leptons and O(1%) for jets.
The set of measurements just described can be used to deter-
mine all the masses in the relevant decay chain. This is most
easily done by generating the four masses at random and com-
paring the predicted results with the measurements. Fig. 28
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Model background (shaded) after cuts. Based on Ref. [64].
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shows a scatter plot of the resulting ℓ˜R and χ˜01 masses for LHC
SUGRA Point 5 and for a similar point in another SUSY model
with this decay chain [69]. The relations between masses are
determined with good precision, so these two models are easily
distinguished, as can be seen in Fig. 28. Although the LSP is
invisible, its mass, Fig. 29, can be measured toO(10%) through
its effects on the decay kinematics.
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If the two-body decay χ˜02 → χ˜01h is open, it will typically
have a substantial branching ratio; it can be dominant if the χ˜02
and χ˜01 are mainly gaugino and the slepton channel is closed. If
events are selected with multiple jets, large /ET , and two tagged
b jets, then the decay h → bb¯ can be reconstructed. Examples
for several points with different values of tanβ are shown in
Fig. 30 [70][63]. Like the dilepton signal, this one can also be
combined with additional jets to provide further information.
It is also possible that the only two-body decays are χ˜02 →
τ˜1τ → χ˜01ττ . This can occur naturally in SUGRA if χ˜02 → χ˜01Z
χ˜01h, and ℓ˜ℓ are all closed but tanβ is large enough that χ˜02 →
τ˜1τ is open. One analysis of a sample point, LHC SUGRA
Point 6, has been done [35] using hadronic τ decays to deter-
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mine the ττ mass distribution. Since simple kinematic cuts se-
lect a rather pure SUSY sample withO(1) hadronic τ per event,
the τ selection criteria were chosen not to optimize the QCD jet
rejection but rather to select multi-pion decays and so to im-
prove the ττ mass resolution. The combination τ+τ− − τ±τ±
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Figure 28: Scatter plot of reconstructed values ofmℓ ≡Mℓ˜R vs.
m1 ≡ Mχ˜0
1
for LHC Point 5 (S5) and for an “optimized string
model” (O1) using multiple measurements from the decay chain
q˜L → χ˜02q → ℓ˜±Rℓ∓q → χ˜01ℓ+ℓ−q. The stars mark the input
values. From Ref. [69].
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Figure 29: Projection of Mχ˜0
1
in Fig. 28 for LHC Point 5. From
Ref. [69].
removes most of the background from misidentified jets. The
resulting visible mass distribution is shown in Fig. 31. If τ ’s
could be measured perfectly, this distribution would have a
shape like Fig. 24 with a sharp endpoint at 59.6GeV. Although
the endpoint is shifted and broadened by the missing neutrinos,
measurements at the ∼ 5% level seem possible even in this dif-
ficult case. (This point and similar ones would give a very large
20
    
a)
89.7
-
1
b)
99.5
c)
117.5
-
1
d)
119.1
0 60 120 180 240
Mbb (GeV)
0 60 120 180 240
Mbb (GeV)
0 60 120 180 240
Mbb (GeV)
0 60 120 180 240
Mbb (GeV)
0
20
40
60
80
100
120
140
160
180
200
N
e
v 
/1
00
 fb
-
1 /5
 G
eV
0
20
40
60
80
100
120
140
160
180
200
N
e
v 
/1
00
 fb
-
1 /5
 G
eV
0
20
40
60
80
100
120
140
160
180
200
N
e
v 
/1
00
 fb
-
1 /5
 G
eV
0
20
40
60
80
100
120
140
160
180
200
N
e
v 
/1
00
 fb
-
1 /5
 G
eV
S / Ö B = 18.3
S / Ö B = 12.1 S / Ö B = 15.5
S / Ö B = 18.2
tan b  = 2, m  < 0
tan b  = 10, m  < 0 tan b  = 30, m  < 0
tan b  = 2, m  > 0
fi
fi
fi
fi
Figure 30: Plot of bb¯ dijet mass distribution (points) with h→ bb¯ signal (solid), SUSY background (dashed), and Standard Model
background (shaded) for various tanβ. From Ref. [70] [63] .
contribution to gµ − 2 in contradiction to Ref. [68].)
Kinematic endpoints are of course only a small part of the
data that will be available from the LHC if SUSY is discovered.
One will be able to measure cross sections, relative branching
ratios, and many other kinematic distributions. For example, in
the decay chain χ˜02 → ℓ˜±Rℓ∓ → χ˜01ℓ+ℓ−, the ratio pT,2/pT,1
of the two leptons contains information that is independent of
the endpoint: one lepton will be soft if the slepton is nearly
degenerate with either the χ˜02 or the χ˜01.
B. GMSB Measurements
In GMSB models the gravitino G˜ is very light; the phe-
nomenology is determined by the nature of the next lightest
SUSY particle (NLSP), either the χ˜01 or a slepton, and by its
lifetime to decay into a G˜. GMSB models generally provide ad-
ditional experimental handles and so are easier to analyze than
SUGRA models.
If the NLSP is the χ˜01 and it decays promptly, χ˜01 → G˜γ, then
SUSY events contain two hard, isolated photons in addition to
/ET , jets, and perhaps leptons. The decay chain χ˜02 → ℓ˜±ℓ∓ →
χ˜01ℓ
+ℓ− → G˜ℓ+ℓ−γ provides, in addition to an ℓ+ℓ− endpoint
like Fig. 24, precisely measurable ℓℓγ and ℓγ endpoints. An
example is shown in Fig. 32. These measurements alone allow
the masses involved to be determined precisely [35].
If the NLSP is a τ˜ and is long-lived, then it penetrates the
calorimeter like a high momentum muon but has β < 1. The
τ˜ mass can be measured directly using the muon chambers as
a time-of-flight system [35, 71]; see Fig. 33. Once this mass
is known, all the other masses can be determined directly by
observing mass peaks [35].
The lifetime of the NLSP measures the overall SUSY break-
ing scale and so is a crucial parameter in GMSB models. For
a χ˜01 NLSP with a very short lifetime, the Dalitz decay χ˜01 →
G˜e+e− can be used; the reach is limited only by the resolu-
tion of the vertex detector. A long-lived χ˜01 that decays inside
the tracker will produce a photon that does not point to the pri-
mary vertex. The ATLAS electromagnetic calorimeter provides
pointing and can detect such decays for cτ <∼ 100 km[35]. The
lifetime of a τ˜ can be measured for 1 <∼ cτ <∼ 100m by count-
ing the numbers of events with one and two reconstructed slep-
tons [72]. It should also be possible to reconstruct τ˜ → G˜τ
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Figure 31: Plot of τ+τ−− τ±τ± visible mass distribution with
hadronic τ decays at LHC SUGRA Point 6. From Ref. [35].
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Figure 32: ℓ+ℓ−γ mass distribution for a GMSB point with a
prompt χ˜02 → ℓ˜±Rℓ∓ → χ˜01ℓ+ℓ− → G˜γℓ+ℓ− decay. From
Ref. [35].
decays in the central tracker.
C. AMSB Measurements
In the AMSB model the χ˜±1 and (mainly wino) χ˜01 are almost
degenerate, while the (mainly bino) χ˜02 is heavier. Hence, sig-
natures involving χ˜02 decays are largely unchanged from sim-
ilar SUGRA ones [73]. Typically, the splitting between the
χ˜±1 and χ˜01 is a few hundred MeV, so the chargino decays via
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Figure 33: Muon and τ˜1 masses reconstructed by time of flight.
From Ref. [71].
χ˜±1 → χ˜01π± with cτ ∼ 1 cm and is mostly invisible. The frac-
tion of single lepton events is consequently reduced. A small
fraction of the χ˜±1 will travel far enough to be seen in the vertex
detectors.
D. R-Parity Violation
The SUGRA, GMSB, and AMSB models assume that R par-
ity is conserved so that the LSP is stable. It is possible that either
baryon number or lepton number is violated, allowing the LSP
to decay; violation of both would allow rapid proton decay. If
lepton number is violated, then SUSY events will contain mul-
tiple leptons, e.g., from χ˜01 → ℓ+ℓ−ν or χ˜01 → ℓqq¯. These cases
are easy to detect, and similar partial reconstruction techniques
can be used [35].
If baryon number is violated, the LSP will decay into jets,
χ˜01 → qqq, giving events with very high jet multiplicity and no
(large) /ET . The QCD background for this is not well known,
but it appears difficult to extract the signal using only jets. It
is possible, however, to reconstruct SUSY events using cas-
cade decays involving leptons. The results for an analysis at
a point with the decay chain χ˜02 → ℓ˜±ℓ∓ → χ˜01ℓ+ℓ− →
qqqℓ+ℓ− is shown in Fig. 34. The mass combinations m± =
M(qqqℓ+ℓ−)±M(qqq) show clear peaks corresponding to the
χ˜01 and χ˜02 masses. The χ˜02, ℓ˜R, and χ˜01 masses can be deter-
mined from these plus a dilepton edge similar to Fig. 24.
E. Decay of Higgs to Sparticles
For certain choices of the MSSM parameters, it is possible
for the heavy Higgs bosons A and H to decay to sparticles. As
an example, The decay A,H → χ˜02χ˜02 has been investigated by
both collaborations. The subsequent decay χ˜02 → ℓ+ℓ−χ˜01 gives
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Figure 34: Distributions of m± = M(ℓ+ℓ−qqq) ±M(qqq) in
R-parity violating SUSY events with χ˜01 → qqq after selecting
either the peak or sidebands in m∓. From Ref. [74].
rise to events with four isolated leptons. The invariant mass of
the 4-lepton system for one such case is shown in Fig. 35. Here
the study [75] is done in the context of the MSSM.
This signal is visible over a large fraction of parameter space
as can be seen from Fig. 36 which shows the accessible region
in the SUGRA model for various values of m0. Note that the
value of m1/2 is determined once MA and m0 are given. For
large values of MA, the decay A,H → tt dominates and the
signal is unobservable.
F. SUSY Summary
If SUSY with R parity conservation exists at the TeV scale,
then observation of /ET plus multijet signatures with the ATLAS
and CMS detectors at the LHC should be straightforward. Many
GMSB models provide additional handles. If lepton number is
violated, the signatures are easier. If baryon number is violated,
discovery probably must rely on selecting particular cascade
decays, although measurements are then easier. The kinemat-
0 50 100 150 200 250 300 350 400
Ev
en
ts
 / 
15
 G
eV
M (4−lepton)  (GeV)
0
5
10
15
20
25
30
35
Figure 35: The invariant mass distribution of ℓ+ℓ−ℓ+ℓ− for
leptons arising from the decay A → χ˜02χ˜02 for the MSSM with
M2 = 120 GeV, M1 = 60 GeV, µ = 500 GeV and ml˜ = 250
GeV. From Ref. [75].
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Figure 36: The region in MA − tanβ where the decay A →
χ˜02χ˜
0
2 → 4ℓ+X is observable in the SUGRA model. The con-
tours are labeled by m0. An integrated luminosity of 300 fb−1
is assumed. From Ref. [35].
ics and qualitative features of the discovery signatures can be
used to establish the approximate mass scale and to distinguish
classes of models.
IfR parity is conserved, then all SUSY decays contain a miss-
ing LSP, so no mass peaks can be reconstructed. Kinematic
endpoints of mass distributions have proved useful for a num-
ber of SUSY points in a variety of SUSY models [35]. The
method seems fairly general: there is usually at least one dis-
tinctive mode — typically χ˜02 → χ˜01ℓ+ℓ−, χ˜02 → ℓ˜±Rℓ∓, or
χ˜02 → χ˜01h → χ˜01bb¯ — from which to start. These can be com-
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bined with jets to determine other combinations of masses.
The SUSY events will contain much more information than
just endpoints like those described above. For example, while
it is not possible to reconstruct χ˜±1 decays in the same way be-
cause of the missing neutrino, one can get information about
the chargino mass by studying Mℓq and other distributions for
1-lepton events. Cross sections and branching ratios can also be
measured; interpretation of these will be limited by the theoret-
ical errors on the calculation of cross sections and acceptances.
Without real experimental data, it is difficult to assess such the-
oretical systematic errors.
This program will provide a large amount of information
about gluinos, squarks, and their main decay products, includ-
ing χ˜01, χ˜02, χ˜±, and any sleptons that occur in their decays. The
heavy gauginos typically have small cross sections, as do slep-
tons produced only by the Drell-Yan process. High precision
measurements of the LSP mass and of couplings and branching
ratios also appear more difficult.
V. STRONG EWSB DYNAMICS
While the existing precision electroweak measurements are
consistent with a light Higgs boson, the possibility of elec-
troweak symmetry breaking by new strong dynamics at the TeV
scale cannot be excluded.
A. Strongly interacting W ’s
The couplings of longitudinally polarized gauge bosons to
each other are fixed at low energy by the nature of the spon-
taneously broken electroweak symmetry and are independent
of the details of the breaking mechanism. Scattering amplitudes
calculated from these couplings will violate unitarity at center of
mass energies of the WW system around 1.5 TeV. New physics
must enter to cure this problem. In the minimal Standard Model
and its supersymmetric version, the cure arises from the weakly
coupled Higgs bosons. If no Higgs-like particle exists, then new
non-perturbative dynamics must enter in the scattering ampli-
tudes for WW , WZ and ZZ scattering at high energy. There-
fore, if no new physics shows up at lower mass scales, one must
be able to probe WLWL scattering at
√
sˆ ∼ 1TeV.
Various models exist that can be used as benchmarks for this
physics[76]. The basic signal for all of these models is an excess
of events over that predicted by the Standard Model for gauge
boson pairs of large invariant mass. In certain models resonant
structure can be seen; an example of this is given in the next
subsection. Since in the Standard Model there is no process
qq →W±W±, theW±W± final state expected to have a much
smaller background than the ZZ or W+W− ones. There are
small W±W± backgrounds from higher order processes and
from WZ if one lepton is lost. The background from charge
misidentification is negligible in either ATLAS or CMS.
ATLAS [35] conducted a study of the signal and background
in this channel. Events were selected that have two leptons of
the same sign with pT > 40 GeV and |η| < 1.75. If a third
lepton was present that, in combination with one of the other
two, was consistent with the decay of a Z (mass within 15 GeV
of the Z mass), the event was rejected. This cut is needed to
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Figure 37: The invariant mass spectrum for same sign dileptons
in the search for a strongly coupledWW sector as simulated by
ATLAS. The signal corresponds to a 1TeV Higgs boson. The
backgrounds are from WZ and WTWT production via elec-
troweak bremsstrahlung. From Ref. [35].
eliminate the background from WZ and ZZ final states. In ad-
dition the two leptons are required to have invariant mass above
100 GeV and to be separated in φ so that cosφ < −0.5. At
this stage, there are ∼ 1700 Standard Model events for a lumi-
nosity of 300 fb−1. Of these events roughly 90% are from WZ
and ZZ final states and 10% from Wtt. There are of order 300
signal events depending upon the model used for the strongly
coupled gauge boson sector. Additional cuts are needed to re-
duce the background. A jet veto requiring no jets with pT > 50
GeV and |η| < 2 is effective against the Wtt final state. The
requirement of two forward jet tags each with 15 < pT < 150
GeV and |η| > 2 reduces the WW , ZZ and WZ background.
The remaining background of ∼ 80 events is dominated by
the qq → WWqq processes. The signal rates vary between
35 and 9 events depending upon the model. The largest rate
arises from a model where theWW scattering amplitude, which
is known at small values of
√
s from low energy theorems, is
extrapolated until it saturates unitarity and its growth is then
cut off. The case of a 1 TeV Standard Model Higgs boson is
shown in Fig. 37 where there are approximately 20 events. It
can be seen that the signal and background have the same shape;
therefore the establishment of a signal requires confidence in
the expected level of the background. The experiment is very
difficult, but at full luminosity, a signal might be extracted by
comparing the rate for W+W+ with those for WZ , W+W−,
and ZZ final states.
A similar study in CMS of the W+W+ final state leads to
a similar conclusion [77]. Jet tagging (vetoing) in the forward
(central) region is essential to extract a signal.
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Figure 38: Reconstructed masses for high-mass resonances de-
caying into gauge boson pairs a simulated by ATLAS: (a) ρT
of mass 1.0 TeV decaying into WZ and subsequently into 3
leptons; and (b) ωT of mass 1.46 TeV decaying into Zγ with
Z → 2 leptons. From Ref. [1].
B. Technicolor
Many models of strong electroweak symmetry break-
ing (technicolor [78][79], topcolor-assisted technicolor [80],
BESS [81]) predict resonances which decay into vector bosons
(or their longitudinal components). These signals are very strik-
ing since they are produced with large cross sections and may
be observed in the leptonic decay modes of the W and Z where
the backgrounds are very small.
ATLAS has studied a techni-rho, ρT → WZ , with W → ℓν,
Z → ℓℓ, for mρT = 1.0 TeV and also a techni-omega, ωT →
Zγ, with Z → ℓℓ, for mωT = 1.46 TeV. The backgrounds due
to tt and continuum vector-boson pair production are small as
can be seen in Fig. 38.
More challenging are the possible decays into non-leptonic
modes such as ρT → W (ℓν)πT (bb), which has a signature
like associated WH production with H → bb; ηT → tt, for
which the signature is a resonance in the tt invariant mass; and
ρT8 → jet jet, for which the signature is a resonance in the dijet
invariant mass distribution.
C. Compositeness
If quarks have substructure, it will be revealed in the devia-
tions of the jet cross-section from that predicted by QCD. The
deviation is parameterized by an interaction of the form
4π
Λ2
qγµq qγµq
Figure 39: Difference of the Standard Model prediction and the
effect of compositeness on the jet ET distribution, normalized
to the Standard Model rate. The errors correspond to 300 fb−1
for various values of the compositeness scale Λ. From Ref. [35].
which is strong at a scale Λ. This is regarded as an effective
interaction which is valid only for energies less than Λ. The AT-
LAS collaboration has investigated the possibilities for search-
ing for structure in the jet cross-section at high pT . Fig. 39
shows the normalized jet cross section dσ/dpTdη at η = 0. The
rate is shown as a function of pT for various values of Λ and is
normalized to the value expected from QCD. The error bars at a
particular value of pT indicate the size of the statistical error to
be expected at that value for luminosities of 300 fb−1. It can be
seen that the LHC at full luminosity will be able to probe up to
Λ = 20 TeV if the systematic uncertainties are smaller than the
statistical ones. Systematic effects are of two types; theoretical
uncertainties in calculating the QCD rates and detector effects.
The former are dependent upon an accurate knowledge of the
structure functions in the x range of interest and upon higher
order QCD corrections to the jet cross-sections. Uncertainties
from these sources can be expected to be less than 10% .
Experimental uncertainties are of two types: mismeasurement
due to resolution and nonlinearities in the detector response.
The former are at the 20% level; the latter can be more serious
and can induce changes in the apparent shape of the jet cross-
section. In the case of ATLAS these non-linearities could fake a
compositeness effect with a scale Λ ∼ 30TeV, which is beyond
the limit of sensitivity.
The angular distribution of the jets in a dijet event selected
so that the dijet pair has a very large mass is less sensitive to
the non-linearities. Events are selected with the invariant mass
of the jet pair is above some M0, and the variable χ defined by
χ = (1+cos θ)/(1− cos θ) where θ is the angle of an outgoing
jet relative to the beam direction in the center of mass frame of
25
Figure 40: Difference of the Standard Model prediction and
the effect of compositeness on the di-jet angular distribution for
di-jet mass above 5000 GeV, normalized to the Standard Model
rate. The errors correspond to 300 fb−1 for various values of the
compositeness scale Λ. From Ref. [35].
the jet pair. The distribution shown in Fig. 40 illustrates that
Λ ∼ 40 TeV is accessible via this variable.
A better constraint on the scaleΛmay be obtained from Drell-
Yan dilepton final states, if leptons and quarks are both compos-
ite and share common constituents.
VI. NEW GAUGE BOSONS
A generic prediction of superstring theories is the existence
of additional U(1) gauge groups. There is thus motivation to
search for additional W ′ and Z ′ bosons. The current Tevatron
limit is 720 GeV for W ′ [82].
ATLAS and CMS have studied the sensitivity to a new neu-
tral Z ′ boson in e+e−, µµ and jet-jet final states, for various
masses and couplings [83, 84]. It is assumed that ΓZ′ ∝ mZ′ .
ATLAS finds the best sensitivity in the e+e− mode, in which
signals could be seen up to mZ′ = 5 TeV for Standard-Model
couplings. The other final states would provide important in-
formation on the Z ′ couplings. The pseudorapidity coverage
over which lepton identification and measurement can be car-
ried out is important for Z ′ searches: should a signal be ob-
served, the forward-backward asymmetry of the charged lep-
tons would provide important information on its nature. AT-
LAS found that reducing the lepton coverage from |η| ≤ 2.5
to |η| ≤ 1.2 roughly halved the observed asymmetries and pre-
vented discrimination between two particular Z ′ models which
they investigated.
ATLAS also investigated their sensitivity to a new charged
boson W ′ decaying into eν. The signal is structure in the
transverse mass distribution at masses much greater than mW .
Fig. 41 shows the signal for a 4 TeV W ′. They conclude that
Figure 41: Expected electron-neutrino transverse mass distri-
bution in ATLAS for W ′ → eν decays with MW ′ = 4TeV
(solid) above the dominant background from W → eν decays
(dashed). From Ref. [1].
with 100fb−1 one would be sensitive to mW ′ = 6 TeV and that
the mass could be measured with a precision of 50 GeV. Simi-
lar results for the sensitivity to new W ′ bosons have also been
obtained by CMS [85].
VII. EXTRA DIMENSIONS
There is much recent theoretical interest in models of parti-
cle physics that have extra-dimensions in addition to the 3+1
dimensions of normal space-time [24, 86, 25]. In these models,
new physics can appear at a mass scale of order 1 TeV and can
therefore be accessible at LHC. Two generic types of signals
have been discussed. In models of large extra-dimensions [24],
there is a tower of states consisting of massive graviton exci-
tations whose properties are parameterized in terms of two pa-
rameters, the number δ of additional dimensions and the fun-
damental scale MD. The size of the extra dimensions R can
be expressed in terms of these. Graviton excitations are pro-
duced in quark or gluon scattering; since they have gravitational
strength couplings, they escape the detector, giving rise to final
states with jets or photons plus missing transverse energy. Back-
grounds arise from the production ofZ orW in association with
a jet [87]. Fig. 42 shows the distribution in missing transverse
energy for the signal and background. The signal is manifest as
an excess at large /ET . For δ = 2, and an integrated luminosity
of 100 fb−1 values of MD less than 9 TeV are accessible. The
signal could be confirmed from the γ + /ET channel as the rates
in this channel are predicted in terms of the same parameters.
In models of small (warped) extra dimensions [25], the gravi-
ton excitations are much more massive and decay into jets, lep-
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Figure 42: Distributions of the missing transverse energy in ex-
tra dimensions signal and in background events after the selec-
tion and for 100 fb−1 of integrated luminosity. δ = 2,MD = 7
TeV is shown for the signal. From Ref. [87].
tons or photons. The decay into leptonic final states has been
studied [88]. Signals are similar to those of new gauge bosons
except that that graviton resonances have spin-2. Fig. 43 shows
how such a resonance would appear in the e+e− mass distribu-
tion. The signal is visible for gravitons where σ × B >∼ 0.5 fb
or approximately 2 TeV in the model used in Ref. [88]. Con-
firmation that the signal is indeed a graviton comes from mea-
surements of the angular distribution that confirms that the res-
onance is spin-2 and possible observation in other final states
such as γγ.
VIII. ANOMALOUS GAUGE-BOSON
COUPLINGS
The trilinear WWV and ZγV couplings (V = Z, γ) may be
probed at hadron colliders using diboson final states. Following
the usual notation, the CP-conserving WWV anomalous cou-
plings are parameterized by five parameters: ∆κZ , λZ , ∆κγ ,
λγ and ∆gZ1 [89]. In the Standard Model, κZ,γ = 1, ∆gZ1 = 1
and λZ,γ = 0 In general, we would expect anomalous cou-
plings of order m2W /Λ2 if Λ is the scale for new physics, so if
Λ ∼ 1TeV then ∆κV , λV ∼ 0.01.
To maintain unitarity, anomalous couplings must be modified
by a form factor; so (for example)
∆κV (q
2) =
∆κ0V
(1 + q2/Λ2FF )
n
(1)
where ΛFF is the form factor scale and n = 2 for ∆κ, λ.
The ATLAS collaboration has studied [90] the sensitivity to
anomalous couplings in the Wγ and WZ modes; the W+W−
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Figure 43: Distributions of the e+e− invariant mass in signal
from a graviton resonance of mass 1 TeV and in background
after event selection and for 100 fb−1 of integrated luminosity.
From Ref. [88].
signal is swamped by tt background. A form factor scale
ΛFF = 10TeV was used. For the Wγ final state, events were
assumed to be triggered using a high-pT lepton plus a high-pT
photon candidate. The background includes contributions from
events with a real lepton and a real photon (e.g. bbγ, ttγ, and
Zγ); a fake lepton but a real photon (e.g. γ + jet); and a fake
photon with a real lepton (e.g. W + jet, bb, and tt). Rejec-
tion factors of 104 against jets faking photons and 105 against
jets faking electrons were used (consistent with the results from
full simulation). To reduce backgrounds, events were selected
with pγT > 100GeV, pℓT > 40GeV, and |ηℓ| < 2.5. Events
with jets were also vetoed, to further reduce backgrounds and
to lessen the importance of higher-order QCD corrections. In
an integrated luminosity of 100fb−1, 7500 events remain, with
a signal to background ratio of 3:1. The pγT distribution is then
fitted in the region where the Standard Model prediction is 15
events (above about 600GeV), yielding limits of |∆κγ | < 0.04
and |λγ | < 0.0025 (95% C.L.).
Similar techniques were used for the WZ state. The trig-
ger was three high-pT leptons, and the backgrounds are from
Zbb, Z + jet, bb and tt processes. Events were selected with
pℓT > 25GeV, |ηℓ| < 2.5, |mℓ1ℓ2 − mZ | < 10GeV2, and
mT (ℓ
3, /ET ) > 40GeV2; a jet veto was also imposed. In
100fb−1, 4000 events then remain, with a signal to background
ratio of 2:1. The pZT distribution is again fitted in the region
where the Standard Model prediction is 15 events (above about
380GeV), yielding limits of |∆κZ | < 0.07 and |λZ | < 0.005
(95% C.L.).
A likelihood fit to the distributions then yields correlated
limits on ∆κZ , λZ , ∆gZ1 , ∆κγ and λγ which are shown in
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Figure 44: 95% CL sensitivity limits on anomalous couplings
from Wγ and Zγ production for an integrated luminosity of
100 fb−1. From Ref. [90].
Fig 44. These limits are comparable to deviations expected
from radiative corrections in the Standard Model and extensions
thereof [91]. Better precision might be obtained by using the
angular distributions.
IX. STANDARD MODEL PHYSICS
A. Top Quark Physics
The potential for the study of the top quark at hadron col-
liders is already apparent. The LHC will be a top factory,
with about 107 tt pairs produced per year at a luminosity of
1033 cm−2s−1. This would result in about 200,000 recon-
structed tt→ (ℓνb)(jjb) events and 20,000 clean eµ events.
1. Top Mass Measurement
The top mass can be reconstructed from the tt → (ℓνb)(jjb)
final state using the invariant mass of the 3-jet system. Problems
arise from systematic effects due to the detector and the theo-
retical modeling of the production dynamics. This measurement
requires, of course, that the hadronic calorimetry be calibrated
to this level in the absolute energy scale and that its response
be stable over time. ATLAS [35] has studied these effects and
concludes that an accuracy of better than ±2 GeV could be at-
tained. A complementary method exploits very high-pT top
quarks, where the decay products are boosted and thus close.
Combinatorics and uncertainties associated with measuring the
individual jets are reduced, whereas those from jet energy cal-
ibrations are increased with the result that the expected errors
are comparable.
The mass may also be reconstructed from dilepton events.
ATLAS estimates that, by selecting events with two leptons
fromW decays and an additional lepton from b-decay, and plot-
ting the invariant mass of the lepton pair originating from the
same top decay, the mass could be determined with a statistical
accuracy of ±0.5 GeV, and a total accuracy of about ±2 GeV.
The dominant systematic errors arise from uncertainties in the
b-quark fragmentation and are therefore complementary to the
3-jet system which is dominated by calorimeter and jet system-
atics.
2. Rare Top Decays
The large statistics available at LHC will provide sensitivity to
other non-standard or rare top decays. As an example, ATLAS
have investigated the channel t→ Zc [35], which should occur
at a negligible level in the SM. With an integrated luminosity
of 100 fb−1, branching ratios as small as 5 × 10−5 could be
measured.
It has been estimated that [94] LHC will attain a precision
2–3 times better than that ultimately achievable at the Tevatron
on the ratio of longitudinal to left-handed W ’s produced in t
decays. This ratio is exactly predicted in the SM for a given top
mass, and is sensitive to non-standard couplings at the t→Wb
vertex, such as a possible V +A contribution.
B. B Physics
The preceding sections have shown the importance of b-
tagging in addressing many of the high-pT physics goals of
the LHC. Both major detectors will consequently have the ca-
pability to tag heavy flavor production through displaced ver-
tices. This capability, together with the large b-quark produc-
tion cross-section at the LHC, will enable them to also pursue
an interesting program of B-physics. It can be assumed that CP
violation in the b−quark system will have been observed before
the LHC gives data. Nevertheless the enormous rate will enable
a very precise determination of sin 2β to be made using the de-
cay Bd → ΨKS (Ψ ≡ J/ψ, ψ(2S)). An error of ±0.02 can be
expected after 10 fb−1 of integrated luminosity. It will also be
possible to measure BsBs mixing and to search for rare decays
such as B → µµ.
X. SUMMARY AND CONCLUSIONS
The SU(3) × SU(2) × U(1) gauge interactions of the Stan-
dard Model provide an elegant and a tremendously successful
description of existing data, but they give no explanation of
the origin of particle masses. The internal consistency of the
Standard Model requires that at least part of the explanation of
masses, the origin of electroweak symmetry breaking, must be
found at the TeV scale. The LHC is unique among accelerators
currently existing or under construction in that it has sufficient
energy and luminosity to study that mass scale in detail. More
specifically, the very detailed simulation studies carried out by
the ATLAS and CMS collaborations enable one to make the fol-
lowing statements with a high degree of confidence:
• If the minimal Standard Model is correct and the Higgs
boson is not discovered previously, it will be found at LHC.
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• If supersymmetry is relevant to the breaking of elec-
troweak symmetry, it will be discovered at LHC and many
details of the particular supersymmetric model will be dis-
entangled.
• If the Higgs sector is that of the minimal supersymmetric
model, at least one Higgs decay channel will be seen, no
matter what the parameters turn out to be. In many cases,
several Higgs bosons or decay channels will be seen.
• If the electroweak symmetry breaking proceeds via some
new strong interactions, many resonances and new exotic
particles will almost certainly be observed.
• New gauge bosons with masses less than several TeV will
be discovered or ruled out.
• Signals for extra-dimensions will be revealed if the rele-
vant scale is in the TeV range.
The LHC represents a great opportunity — and promise of vast
excitement — not only for the collaborators on the LHC exper-
iments but for the whole field of particle physics.
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